Abstract In this study we have investigated micropropagation and in vitro flowering for a medicinally important plant Pentanema indicum. Maximum callus proliferation was obtained on MS medium supplemented with 2.0 mg l Ϫ1 BAP and 1.0 mg l Ϫ1 IBA. The best shoot regeneration (19Ϯ1.0) was achieved in five weeks when callus was cultured on MS medium amended with 4.0 mg l Ϫ1 BAP and 1.0 mg l Ϫ1 IAA. Direct multiple shoot initiation was also obtained from shoot tip and nodal explants in the presence of BAP and IAA. Addition of adenine sulfate (1.0 mg l Ϫ1 ) to the regeneration medium increased the shoot multiplication. Regenerated shoots rooted best on MS medium containing 2.0 mg l Ϫ1 IBA. Multiple shoots regenerated from callus, shoot tip and nodal explants flowered (90%) in vitro on a MS medium fortified with 2.0 mg l Ϫ1 IBA. Plantlets were successfully acclimatized in a soil condition and the survival rate was 96%.
Pentanema indicum Ling. belongs to the family Asteraceae (Compositae). It is a female antifertility drug used by tribes in Bihar state of India. The plant is an annual and is distributed throughout India, ascending up to an altitude of 1800 m in Himalayas, Pakistan, Burma, China, Sri Lanka, Thailand and Africa. It is an erect, rigid, leafy herb 1-3 ft in height. The roots are tough, woody and externally pale brown in colour. Stem terete, striate, with many pubescent branches. Leaves are variable in size, sessile, oblong-lanceolate, acute, entire or serrulate, rough or scrabid with short appressed hairs on both sides. Ray florets 12-24, much longer than involcure and disc florets scanty. Many compounds have been isolated from P. indicum namely, sesquiterpenevicolides, monoterpenediol-vicodiol and thymol esters (Saradha Vasanth et al. 1990; Mossa et al. 1997) , cis-cis germacranolide (Sawaiker et al. 1998) , 4,5,6-trihydroxy-4-7-dimethoxy flavone (Krishnaveni et al. 1997) . Vicolide D showed abortifacient and antifertility activities (Alam et al. 1989) . The hexane soluble fraction showed antiviral activity against Ranikhet virus (Chowdhury et al. 1990 ).
In vitro flowering offers a unique system in the study of molecular basis and hormonal regulation of flowering. There is also a possibility of using in vitro flowering in ecological and genetic studies. It is a modern area of research and has great potential in plant breeding programmes. In vitro propagation of medicinal plants could help in raising disease free health clones in a large scale for extraction of pure drug. To date only one report available on regeneration for this important medicinal plant (Thulaseedharan and Vaidyanathan 1990) reported callus induction and plant regeneration in Vicoa indica. However, regeneration using apical bud and nodal explants derived from mature plants is not available. Therefore, the efficiency of apical bud and nodal explants to regenerate P. indicum plants has been explored in the present study. In addition, we have demonstrated a callus mediated plant regeneration system and in vitro flowering.
Actively growing shoots were used as the explants source. The shoots were separated from the mother plants, defoliated and cut into 4-6 cm pieces. The explants (leaf and stem) were surface sterilized with 70% (v/v) ethanol for 60 s and 0.1% (w/v) mercuric chloride for 10 min, washed four times with sterile distilled water. Leaf and stem segments 0.5-1.0 cm in length, were prepared and inoculated on Murashige and Skoog (MS) medium (Murashige and Skoog 1962) supplemented with plant growth regulators. The pH of the medium was adjusted to 5.7 with 0.1 N NaOH or 0.1 N HCl before autoclaving at 1.06 kg cm Ϫ2 and 121°C for 15 min. All culture media contained 3% (w/v) sucrose and solidified with 0.8% (w/v) agar.
Basal medium supplemented either with BAP or BAP combined with IBA were used for callus induction from leaf and stem explants. The callus induction rate (explants with callus formation) was determined after 30 days. After four weeks, the calli proliferated upon the leaf and stem segments. The calli were transferred on MS medium supplemented with different concentrations and combinations of BAP and IAA to induce plant regeneration. Regenerated shoots were dissected out, cut into shoot tips and single nodal segments, and subcultured on MS medium containing different concentration of an auxin and a cytokinin. Multiplication of these shoots was tested in the same media or in media supplemented with adenine sulfate (1.0 mg l Ϫ1 ). After four weeks of culture plantlets were transferred to fresh medium containing same composition of ingredients.
Individual shoots, which were 3-4 cm long were excised from the shoot clump and transferred to half strength MS medium containing IAA and IBA (0.5, 10, 1.5 and 2.0 mg l
Ϫ1
). All cultures were incubated at 25Ϯ2°C under cool fluorescent light (3000 Lux; 16-h photoperiod). After 35 days the rooted plantlets were removed from the tubes, washed thoroughly with sterile distilled water to remove traces of agar and planted in small plastic pots filled with mixture of sterile soil, sand, vermiculite (1 : 1 : 1). The potted plants were irrigated with MS basal salts solution (1/4 strength) devoid of sucrose and myo-inositol every four days for three weeks. After three weeks the plants were kept under shade for two weeks and then transferred to glasshouse.
After callus induction, the primary calli were separated from stem explants and they were subcultured on MS medium (3% (w/v) sucrose and 8.25 g l Ϫ1 ammonium nitrate) supplemented with BAP alone or combined with IAA and adenine sulfate. Regenerated shoots of 3-4 cm long were excised and cultured on the MS medium (3% (w/v) sucrose and 8.25 g l Ϫ1 ammonium nitrate) fortified with IAA and IBA. The number of flowering shoots was counted at the end of each subculture period. To study the effects of various carbon source such as glucose, fructose, lactose, maltose, sucrose and nitrogen source viz., ammonium nitrate on in vitro flowering. The concentration of each carbon source was 3% (w/v) and ammonium nitrate used was 0, 8.25, 16.5 and 33 g l
. All experiments were repeated thrice. Data were analyzed by analysis of variance (ANOVA) to detect significant differences between means using SAS computer package (SAS Institute Inc., Cary, NC, USA, Release 8.1). Means differing significantly were compared using the Duncan multiple range test at 5% probability level.
Callus was induced from the leaf and stem explants of P. indicum on MS medium supplemented with a range of 0.5-3.0 mg l Ϫ1 BAP either alone or in combination with 1.0 mg l Ϫ1 IBA. The calli were light greenish friable (stem explants) and greenish compact (leaf explants) on medium containing BAP alone, while combination with IBA induced white friable calli in both the explants. The percentage of explants producing calluses as affected by explant type is shown in Table 1 . Generally, the highest frequency of callus formation was obtained in stem (92%) and leaf (70%) explants. On increasing the concentration of BAP (1.0-5.0 mg l Ϫ1 ), a gradual increase in percentage of culture forming callus was noted (12-41%) in leaf explants. Of the various BAP concentrations, the maximum percentage (63) of light greenish friable callus was obtained from stem explants in medium supplemented with 3.0 mg l Ϫ1 BAP. Higher concentration of BAP inhibited callus induction. The combination of BAP with IBA at the range of 2.0 and 1.0 mg l Ϫ1 respectively induced better proliferation of callus. The primary calli were separated from leaf and stem explants and they were subcultured on MS medium containing either BAP or BAPϩIAA. Over a period of 21 days, green compact callus was beginning to turn brown, whereas light greenish friable callus produced reddish or orange pigment. However, the white friable callus multiplication was good and scoring was possible after 60 days of culture. Hence, the white friable callus was used for shoot regeneration and all other callus types were not useful. Calli were small and friable and have always a potential for induction of de novo shoot formation. Incorporation of various concentrations of BA in the MS basal medium significantly increased the shoot proliferation rate and number of shoots (data not shown). BAP) no shoot formation was observed. Shoot bud regeneration was better in the callus derived from leaf explants as compared to stem explants. The frequency of regenerated shoots varied from 70-89% in leaf and 63-77% in stem derived callus cultures of P. indicum. Multiple shoot formation from shoot tip and nodal explants of P. indicum was evaluated on MS medium containing different concentrations and combinations of auxin and cytokinin. Among the different explants tested in our study, nodal explants produced greater number of shoots (24). Shoot tip explants produced a maximum of up to 16 shoots at 2.0 mg l Ϫ1 of BAP, IAA and adenine sulfate each at 1.0 mg l Ϫ1 with 100% shoot induction (Figure 1 C) . At low concentration of BAP combined with 1.0 mg l Ϫ1 IAA poor shoot induction was observed. Maximum number of shoots were obtained from nodal explants when grown in MS medium supplemented with 3.0 mg l Ϫ1 BAP, IAA and adenine sulfate each at 1.0 mg l Ϫ1 (Figure 1 D) . Shoot proliferation and growth decrease were considerably observed with the decrease in BAP level. The addition of 1.0 mg l Ϫ1 adenine sulfate in the media showed increase in shoot proliferation and number of shoots in both nodal and shoot tip explants (Table 3 ). The number of shoots per explant was higher when subculturing was done on fresh medium at four week intervals on similar medium. The average number of shoot buds per explant increased up to 3-4 fold (based on the explants shoot tip and node respectively) within eight weeks of initial culture which could be maintained for longer periods without any loss in the morphogenetic potential.
Root formation from excised shoots required auxin supplement in the culture medium; roots were visible after 10-14 days, however the results were recorded only after 30 days. Maximum rooting (100%) was obtained on half strength MS medium supplemented with 2.0 mg l Ϫ1 IBA. At 1.0 mg l Ϫ1 IAA induced (86%) rooting. Rooted plantlets were transferred to plastic pots containing sterile soil, sand, and vermiculite (1 : 1 : 1) and kept at 25Ϯ2°C and transferred to the glasshouse (after 35 days). The survival rates were as high as 96%.
Flowers initiated in media containing BAP either alone or in combination with IAA. Both BAP and IAA strongly affected the flower bud induction. In the BAP containing medium, there were about 3 buds per culture. There was no bud in the control (MS medium containing 3% (w/v) sucrose and 8.25 g l Ϫ1 ammonium nitrate) cultures. Formation of buds, in general, was greatly enhanced by adenine sulfate. The calli, when subcultured with a few microshoots, continued to produce flowering adventitious microshoots. The production of flowering shoots continued for many subcultures spanning a period of more than two years. Regenerated shoots were excised and cultured on MS medium containing IAA at relatively low concentrations tend to increase the percentage of cultures forming buds. Maximum number of flowers was obtained when the shoots were cultured on MS medium containing 2.0 mg l Ϫ1 IBA (Table 4 , Figure  2A previously with BAPϩIAAϩadenine sulfate. However, high IBA concentrations were ineffective to form reproductive buds. The production of flowers was promoted in approximately the same proportion. Flowering can be induced in vitro in excised shoot cultures of P. indicum devoid of any preformed bud. The nature of the carbon source (mono or disaccharides) in the medium has a determining influence on the formation of reproductive buds. The carbohydrates differed, in their ability to support the formation of reproductive buds. In general, sucrose was best closely followed by glucose, maltose and fructose were also effective for formation of flowering shoots whereas lactose was totally ineffective. Among the tested ammonium nitrate levels, half strength (8.25 g l Ϫ1 ) induced maximum number of flowering. Increasing the concentration of ammonium nitrate in the medium (1 fold increase) completely inhibited the reproductive bud formation (data not shown).
The appearance of callus varied with both the explants type and the media composition but the response was similar. The callus proliferation obtained with a high concentration of cytokinin and a low concentration of auxin in P. indicum was similar to the results obtained by Thulaseedharan and Vaidyanathan (1990) . The supply of exogenous growth regulators in the medium was essential for differentiation which otherwise did not occur. Synergistic effect of BAP in combination with IAA on promotion of shoot buds multiplication revealed that in our study two fold enhanced shoot bud proliferation was observed than that in (Thulaseedharan and Vaidyanathan 1990) . Proliferation and elongation of adventitious shoots were completed by sub-culturing organogenic calli with shoots in fresh differentiation medium. The determination of organogenesis varied depending on the explants. In this study nodal explants respond well than the shoot tip explants. However, the requirement of plant growth regulator concentration varied among the explants which may be due to the endogenous plant growth regulator concentration. In addition a balance between auxin and cytokinin concentration was also important for shoot bud differentiation. Adenine sulfate which has been found to be effective for bud formation in P. indicum also supported the development of floral buds. The highest rate of shoot multiplication was obtained in Helianthus (Georgieva et al. 1980 ) with 0.1 mg l Ϫ1 BAP, 0.1 mg l Ϫ1 NAA and 0.1 mg l Ϫ1 GA3 with the addition of 40 mg l Ϫ1 adenine sulfate. But we report here for the first time that low concentration of adenine sulfate (1.0 mg l Ϫ1 ) was effective for P. indicum. Roots were induced (84%) after transferring the shoots to a medium containing low concentration of IBA (0.5 mg l Ϫ1 ) (Thulaseedharan and Vaidyanathan 1990) . In contrast, high concentration of IBA induces (100%) rooting. Rooted plantlets were successfully transferred to soil with 96% survival rate. The regenerated plants did not exhibit any detectable variations in morphology or growth characteristics when compared to the respective donor plants. The reaction of flowering depended, to a considerable degree, on the concentration of the applied substances. The plant growth regulator requirement of plants for in vitro flowering was variable. In this study, media containing auxins either alone or in combination with BAP induced flowering in callus cultures of P. indicum. Similar findings were observed by (Tepfer et al. 1966; Peeters et al. 1994) . The essentiality of auxins for flower induction and development has been reported in few plants like Torenia (Tanimoto and Harada 1981) , Vigna radiate (Avendio and Haulea 1990), Vigna mungo (Ignacimuthu et al. 1997) , Pisum sativum (Franklin et al. 2000) , and Perilla frutescens (Zang 2007) . In the present investigation IBA induce maximum number of reproductive buds ( Figure 2E and F) . Flowering ability increased with the increase in IBA concentration applied to the regenerated shoots which were separated from BAPϩIAAϩadenine sulfate grown media. A beneficial effect of purines and pyrimidines on flower induction has been reported by Chailakhyan et al. (1961) in the case of Perilla nankinensis cultured in vitro. Our observation coincides with the above report in that the suitable level of adenine and BAP is beneficial for flower formation. It was found that in vitro flowering was also influenced by the levels and ratios of the two major components, carbohydrates and minerals. The presence of a carbohydrate source is a ubiquitous requirement for reliable induction and development of flowers in vitro (Scorza 1982) . Flowering of P. indicum is dependent on the presence of a carbohydrate source. In the present investigation sucrose was found to be the best for flower bud induction. High frequency of flowering was observed when the medium was supplemented with 3% (w/v) sucrose; this result coincides with earlier reports in Lycopersicon esculantum (Rastogi and Sawhney 1987) , in potato (Al-Wareh et al. 1989) , in V. mungo (Ignacimuthu et al. 1997) , in P. sativum (Frankiln et al. 2000) , and in Gentiana trifolia (Zang and Leung 2002) . According to the floral nutrient diversion hypothesis, C/N ratios increase in buds during flower induction (Sachs 1977) . In the present investigation the MS medium supplemented with 3% (w/v) sucrose and plant growth regulators produced few flowering shoots. This result shows that the C/N ratio is important for flowering. Many studies have reported the effect of nitrogen level on in vitro flowering (Tanimoto and Harada 1981; Narasimhulu and Reddy 1984; Dickens and Van-Staden 1988; Duan and Yazawa 1994; Kostenyuk et al. 1999; Dielen et al. 2001) .
In this study, number of flower and percentage of flower bud induction were consistently increased in shoots culturing onto MS medium containing half strength ammonium nitrate. A similar finding was observed by Ignacimuthu et al. (1997) in V. mungo, Franklin et al. (2000) in P. sativum and Zang (2007) high concentration of ammonium nitrate was not suitable for shoot bud development also, strongly inhibiting flowering. These results suggest that ammonium nitrate concentration is one of the important factors regulating in vitro flowering in P. indicum. The malformation and poor flower quality occasionally observed in the flowers produced in vitro may have been atleast partially due to competition and/or nutritional deficiencies. The flowering plantlets described in the present study may have a practical value in wide hybridization and in vitro fertilization studies, especially in studying the mechanism of fertilization of P. indicum under experimental condition because in vitro flowering of regenerated plantlets can be induced at any time of the year. We have reported here very simple and efficient protocol for plant regeneration and in vitro flowering as compared to the methods described for other members of Asteraceae.
